We report the trapping of neutral atoms in a permanent magnet trap. Approximately 1X10 ground-state lithium atoms have been confined in a nonzero magnetic-field minimum produced by six permanent magnets in an Ioffe configuration. These atoms have a kinetic temperature of 1.1 mK and a peak density of approximately 3 X 10 cm . The trapped-atom lifetime is 240 s, limited by collisions with background gas. This [3] .The use of permanent magnets can produce high field strengths and gradients comparable to those of superconducting magnet traps but with reduced complexity and greater optical access.
The past decade has seen steady progress in neutral-atom trapping with a resulting improvement in the production of dense, ultracold atomic vapors. These vapors have been useful for both high-resolution spectroscopy and investigations of ultracold atom collisions [1] .Further significant increases in cold-atom densities will allow the observation and study of quantum-statistical effects of weakly interacting particles, such as Bose-Einstein condensation and anomalous light scattering. We report a significant advance in neutral-atom trapping by confining spin-polarized Li atoms in a permanent magnet trap. Permanent magnet traps have been proposed [2] as a means for providing tightly confining potentials helpful in achieving high atomic densities [3] .The use of permanent magnets can produce high field strengths and gradients comparable to those of superconducting magnet traps but with reduced complexity and greater optical access.
Recently, a magneto-optical trap using two permanent magnet disks to produce the required quadrupole field was demonstrated [4] and a few atoms were observed to remain trapped around the magnetic field zero when the trap laser beams were blocked. The permanent magnet trap described here uses an arrangement of magnets in an Ioffe configuration [5] , which features a nonzero magnetic-field minimum.
Atoms are trapped about this minimum through the interaction of their total magnetic moment with the trap's magnetic field. The nonzero minimum prevents trap-loss-producing spin-fiip (Majorana) transitions, which can occur as atoms pass through or near a field zero [6, 7] .
As shown in Fig. 1 , the trap consists of six axially magnetized, cylindrical, permanent magnets symmetrically positioned and aligned along three mutually orthogonal axes. The four magnets in the x-y plane are oriented to produce a quadrupole field, while the two magnets along the z axis generate a dipole field. For atoms in the proper spin state, the resulting potential has a minimum at the trap center and has relatively low potential barriers, or "thresholds, " along the four axes that pass through the center and between magnet tips of like sign. The magnets are supported by a nickel-plated iron yoke that recycles the magnetic flux, helping to increase the bias field and field gradients. The magnets are nickel-plated, 27-MG Oe energy-product, neodymium-iron-boron (Nd-Fe-B) where the sum accounts for contributions from the six magnet surfaces S;, and p, o is the permeability of free space.
Prior to installing the trap assembly into the vacuum apparatus the magnetic fields were mapped using a miniature threeaxis Hall probe. Figure 2 shows [9] .The deflected atoms are collimated and optically pumped into the trappable ground state by twodimensional optical molasses [10] .In the trap, a fraction of these atoms is captured and cooled by optical molasses [11] provided by three pairs of 1-cm-diam, retrorefIected laser beams. The total intensity at the trap center is 25 mW/cm . The temperature of the trapped atoms is estimated by their excitation line shape, measured from fluorescence induced by weak probe laser beams. Probing is provided by the same laser beams used to load the trap, but with substantial attenuation and variable detuning from the frequency used for loading. By varying the probe detuning, atoms at different magnetic fields are resonantly excited [12] . In the trap, the Zeeman shift experienced by an atom is proportional to its potential energy, so that the excitation line shape describes the energy distribution of the trapped atoms. We model the line shape by assuming a Boltzmann energy distribution for the trapped atoms and a harmonic trap potential [12] . The measured excitation line shape of the trapped atoms is shown in Fig. 3 , where it is compared to the model using the best-fit temperature of 1.1 mK. The uncertainty in the fit is~0.1 mK. The relatively high temperature is due to the large intensity of the trap beams required for efficient loading. By lowering the trap beam intensity at the end of loading, it should be possible to reduce the temperature to near the Doppler limit of 140 p, K, which would increase the peak trap While loading the trap, the number of trapped atoms is determined by the balance of the loading rate and the total loss rate. Flux measurements of the 1-cm-diam cold-atom beam entering the trap chamber indicate a trap loading efficiency of a few percent. We believe the loading efficiency to be limited by the range of velocities that can be adequately damped and by the spatial acceptance of the trap. Improvements in loading may be made by spatially compressing the cold atomic beam, using, for example, magneto-optical compression [13] or by optimizing the slow atom-beam velocity distribution.
The density of the trapped atoms is partially determined by the shape of the confining potential. For a given number of atoms in the trap at a given temperature, tighter confinement will result in higher density. We initially built a trap that was ten times smaller than the present one, which had a bias field of 1955 G, a depth of 500 G, and harmonic field With modest improvements in temperature and loading we expect to achieve trapped-atom densities greater than 10 cm . The recently obtained s-wave elastic Li-Li scattering cross section of 5.0X 10 cm [14] and the trap lifetime suggest that at these densities evaporative cooling should be possible using radio-frequency or optical radiation to selectively remove the most energetic atoms [7, 15] .A density of 10' cm is needed to reach the conditions for observing Bose-Einstein condensation at a temperature of 1 p, K. For the present trap, this would require 10 atoms.
It has been demonstrated that neutral atoms can be loaded and trapped in the nonzero minimum of the magnetic field generated by an Ioffe configuration of permanent magnets.
Permanent magnets can produce extremely high field gradi- [1]See special issues on laser cooling and trapping: J. Opt. Soc.
